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ON TEE BELATIONS OF ATMOSPPEBIC PRESSURE, TEMPEBATWE, AND DENSITY TO ALTITUDE. 

By HERBERT H. RIMBALL, Profesmr of Yet,eorology. 

[Dated: Weather Bureau, TVssllinglon, Apr. 22,1919.1 

.The relations of atmospheric. pressure, t.emperat,ure, 

to aeronautical engineers, in or (? er that 1ahorat.ory test,s 
may be correJated with perforhlance under flight condi- . respond to the average conditions. 
tions. As a basis for these relations, the meteorologist 

clnv, aiicl froni hour to hour of the same clay, cs ecially 

that the actual relations at any time rarely or never cor- 
For t,his reason 

engineers generally prefer to employ simpler espressions 

and density to nltitude are of ini ortaiico to aviators and I~elow an alt,it,ude oT .about 3,000 meters (10,000 P eet), so 
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FIG. l.-l'emperatur~ltitullc and pressurealtitude curves. (A plus sign should follow 8 in the equation above.) 

has to offer the averag? free air atmospheric tempera- for the relations of air temperature and pressure to hei ht 

recor iiig instruments carried to the desired titudes by niula, respective . For the tem erature-altitude rela- 
kites or balloons, and the hypsometric forniula, which tion they geiier y rder a straig t-line relation, as, for 
latter represents with great accuracy the variation of esample, a fall of lo$. per 300 feet increase in elevatjon; 

ressure with height when we know the temperature and and in the equation expressing the pressure-altitude rela- 
Rumidi ty variations . tion the humidity term is often omitted. 

Unfortunately, observations show that the relations It is ossible to select a straight-line temperature-dti- 
of temperature and humidity to height vary from day to tude r e f  ation that will approximate actual relations up to 

ture, rasure, and humidlty as determined b means of than are given b observations and the hypsometric H or- 

ir a i  f R 
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a height of about 10,000 meters C30,OOO to 40,000 feet.). 
Above this height,, however, as the lower limit of t,lie 
stratosphere is ap roached, the decrease in temperature 
with increase in aftitude becomes rapidly less, so that a 
straight-line relation that applies in the lower layers of 
the koposphere will here give temperatures too low by 
an amount that increases rapidly with altitude. There- 
fore, i t  must be uiiderstood that these simplified equa- 
tions can be employed t o  ex ress atmospheric tempera- 
ture,' pressure, and density re Y atioiis to height, only up to 
the altitude given above. 

Table 1, in nietric mea.sures, and Table 8, in English 
measures, give atmospheric temperatures and densities 
at  different heights under approsimntely average c,oitdi- 
tions for the east-cent,ral part of the United States. The 
assumed sea-level pressure, Bo, teniperature, tu, aiicl 
vapor pressure e,, are, respect.ively, Bo, = $60 mni. 
(29.92 in.), to= 15'C. (59' F.)q and e,=9.1 mni. (0.36 in.)? 
and the assumed vertical distribution of t,ernpernture 
and water rttpor corres . oiids to the aiiiiua.1 meails given 

distnbukoii of tenlperat'ure is also in c.lose a.greemeiit, 
u4t.h that given by Humphreys for the warm part, of 
the year. The hypsometric formula employed in coni- 
puting the air pressure, B, is gi-ien in the iigure, and in 
the headin of each table. 

tained by means of the equation t,hat follows has becii 
employed : 

by Gregg,l and reproc ? ucecl in figurg 1.  This vertical 

For e, t i e  f niean temperature of the air colunln ob- 

~=--- t o + 2 t , + 3 f 2 +  . . . . . +L)t,-l+tn, 
2.n 

wliere to, t,, f,, . . . . . tn-lr f98, represent the t,enipern- 
tures froni the bottom to the top of t$e air cvluniii ob- 
served a t  equal inten-als of height, as 500 met,ers or 1,000 
feet. Actually, t.he temperttture should Le obtained by 
taking the harmonic mea.11 of the tempernt.ure with re- 
spect to altitude, thus: 

where T=fl+373'C., or 8+459.4' F., and To={,, Tl=fl,  
etc. espressed in degrees on the Absolute scale. ITnless 
the temperatures cover a wide range. howeTer, the in- 
creased accuracy of the result obtained froni the use of the 
harmonic mean in place of the arithmetical mean does not 
compensate for the additional labor involved, and espcci- 
ally when we are dealing with approsimate mean values 
on1 . 

&e equation for coiiiputing the atnios heric density, 

gives for the average surface density 1.220 kilograms 
cubic meter, as compared with 1.393 kilograms per cw ic 
meter for dry air a t  tempearture Oo C. under 760 milli- 
meters pressure, which is universally- accepted as stcc nda~c7 
air density. 

p, which is also given in the headings of + ables 1 and 2, 

1 Gregg Willis R. Mean vahies of freenir barometric and vapor pressures tempera- 
tures and densities over the United States. MONTRLY WEATHER REVIEW: Jauuary, 

* fiumphreys, W. J. Temperatures, prepres ,  and densities of the atmosphere at 
variouslevelsintheregi~nofnortheastern Irsnce. This REVIEW. y. 1BY. tig. 1. 

1918 b:11-21. 

TABLE 1.-.4 i ~ ~ r i i ! ~ ~  uir tfrtipurutureu mid d m i t h  nt diftrmt a2titudes.l 
Metric nwuszires. 

- 

\'apor 
pressure. 

mm.  
9. in 
i. 54 
t i  29 
3. so 
a 19 

0.65 
0.40 
u. ?:l 
I). 14 
0. U i  
u. 04 

1. ?o 

Atmospheric density. 

Per cent Per cent 
standard. smlace. 
___-____ 

94.4 inti. o *. s Y . i  2 
K'.. 4 80.5 
T i .  (1 SI. e 
69.3 7% .; 
w. .; tic,. 3 
:%It 4 :,!I. 7 
50. 6 53. i 
4s. 4 4% 1 
41). R 42. 0 
36.2 3% 4 
32. 1 14. u 

= r. 
i!>. 0 
:,t.,. I1 
52.9 
49. s 
47.3 
44. Y 
I?. h 
40. I1 
3i.  3 
34. B 
:i1.2 

27. D 
24. F 
21.3 
1:. Y 
1.1. 2 

i. 4 

0.4 
- 3.4 

- i.? 
-11.0 
-14,s 
-1s. 4 --. [I 
-?!I. 6 
--LR 9 
-:r2. lj 
-36.0 
-39.2 

in. R 

4. n 

-.I.> 

Vapor 
pressure. 

Inchrs. 
11. 36 . :D 

.?S 

. P . 19 

. I 6  

. I 4  

.13 . In:, 

.os 

.OW . o.-,o . M 5  

.040 

.03s . U3U . O?S 

.a30 

.017 

. O H  

. OllK . MI7 

.006 

.Or15 

. on3 

.01)2 

.I? . ..l 

. ai? 

.ni:, 

. nin 

. on4 

Atmospheric density. 

Per mnt 
standard. 

94.4 
91. e 
Sh. 9 
%. 2 a. R 
so. 9 

7s. 4 
7s. Y 
7:i. 5 
71.3 
69.1 

66.9 
64. s 
62.4 
60.8 
AS. Y 

57.1 
55.3 
1 . 5  
51. R 
BO. 1 

4s. .:, 
47.0 
45.4 
49. Y 
42.4 

41.0 
30. 6 
3% 2 
313.5 
%. I 

____ 
Per cent 
surface. 

IlHl. 0 
97.1 
94." 
91.4 w 6 
S5.S 

si I sn. 4 
7i. Y 
i.s.5 
73.2 

'76.9 
6% i 
66.6 
64.5 
R" 4 

60.5 
5s. I ;  
56.7 
54.9 
M. 1 

.-n1. I 
4Y. Y 
4K 1 
4G. S 
45.0 

43.5 

411. b 
3Y. 1 
47. 7 

42. n 

1 1:oniputt~rl lor seurlevrl pmssiire 3.92 inchds. and sea-love1 temperature 59 O F .  (ET.). 
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It is of interest to compare the data of Tables 1 and 2 
with those obtained by use of the simpler equations some- 
times employed. 

If we assume the same sea-level conditions as above, 
but disregard the term containing e in computing the 
density, we obtain p = 1.226 kg. per cubic meter, or about 
0.5 per cent too high. 

Again, if we assume the vertical temperature gradient 
to be 1" F. per 300 feet, we obtain for an altitude of 
30,000 feet, t=59'-1OO0= -41' F., which is only 1.S' 
F. lower than the value given in Table 2. At 10,000 
feet, however, we obtain t = 59'- 33.3"= 25.7" F., which 
is 5.5" F. lower than the value given in Table 2. 

Johnson has shown that the following assumed siniple 
relations of air pressure, tempemture, and density to 
hei ht, give reasonably accurate results. 

from the well-known Charles's law we have 

V P- = PvY = R = constant; t 

or 

VA Integrating, - - ' P 

and p T  =constant - -ch. 

When h= 0, 

= c?h + constant, 

Y 

Y-1 
1-1 Y-1 

Y-1 &I. 
PV=P0 Y 

v--l V !  

Also, RT = Pv = El and To = -&- 
C 

Combining this last equation with (31, we obtain 

*Johnson. A. Atmospheric conditions effecting power. Aerial Age Weekly, Mar. 

i Let 'p;-2116.2 pounds per square foot. t0 -59~  F., and v-1.20. Then ~1~-0.07651 

, ,, Pn 2116.2 

31 1919 9966. 

pounds per cublc loot. and r- W 0P0-~~~-O.ooUlas55. 

u; T, 0 . ( n d S i x 5 1 8 . 4 ' ~ . ~ ~ ~ .  

Assuming y = 1.20 
Equation (1) becomes W= cP111-2 

Equation (2) becomes Plr6 = 

=Po1~~-0.0000216W (Pain poundspercubic foot,h in feet). 

For temperatures, t ,  in Fahrenheit degrees, equation 

Ch - - 
6 

(3) becomes t=to-6R=t0-0.003124h h (h in feet). 

TABLE 3.-Aucrage air t%mpemtUrt?8 and denso'th at different aliitudce. 

Height. 

Fret. 
0 

l o o 0  

3.000 
4OOO 
5: 000 

6,000 
7 000 
8' oon 
9: 000 

10,000 

11 000 
12: om 
13,000 
14 000 
15: 000 

I6 000 
17'000 

2: OOO 

18'oOo 
19' 000 
!a; m 
21 ooa 
22' OW 
23'0oU 
pl' ooc 
25: ooc 

a7'ooc 
?E' ooc 
29: 001 
30,001 

36. 
40, 00( 

28 ow 

Pressure. 

Inche6 of 
nrrrcury. 

29.92 

29. .%I 
27.82 
26.81 
25. ss 
24.90 

a. 99 
23.10 
?2.24 
?I. 41 
20.611 

19.82 
19.07 . 18.34 
17.83 
10.94 

16.28 
15.64 
15.02 
14.42 
13.84 

13.2s 
12.74 

11.72 
11.23 

10.70 
IO. 31 
0.87 
9.45 
9.04 

la. 2 

............ 
,.... ........ 

Pounds per 
cubic foot. 

2,116 

, 2 M 1  
1' 968 
1' $97 
1: n228 

I' 634 
1: 573 

1,761 

1 097 

1 514 
(457 

1 409 
1:349 
1 297 
1:247 
1,198 

1 151 
1'106 
1:WS 
1,020 

979 

939 
901 
864 
929 
791 

701 
7% 
698 
666 
639 

............ 

............ 

Density. 

Per cent. 
loo. 0 

97.0 
94. 1 
91.3 
a 5  
b. 6 

83. ? 
50. 6 
7s. I 
75. 6 
73.3 

71.0 
6 8  7 
66. 5 
64.3 
62.2 

w.2 
5 8  2 
.w. 3 
54.4 
52.6 

50.6 
49.1 
47.4 
45.8 
44.2 

4?. 6 
41.1 
39.7 
3R3 
36.9 

............ 

............ 

emperatiue. 

OF. 
59.0 

55.9 
52.8 
49.6 
46.5 
43.4 

40.3 
37.1 
34.0 
30. Y 
27.8 

24.6 
P1.5 

15.3 
12.1 

9.0 
5.9 + 2.8 - 0.4 - 3.5 

- 6.6 - 9.7 
-12 9 
-16.0 
-19.1 

-22.2 
-25.3 -as. 5 
-31.6 
-34 7 

-56.5 

-66.0 

ia 4 

Departure 
Irom mean 
observed 

amperature. 

*F 
fO. 0 

-0.1 
-0.1 
-0.2 
-0. a 
-1.5 

-2.2 
-2.9 
-3. a 
-3.4 
-3.4 

-3.3 
-3.1 
-2.9 
-a 5 
-2.1 

-1.8 
-1.5 
-1.2 
-0.8 
-0.1 

+1.3 
+1.9 
+a 4 
+a. 9 

+3.4 
+3.D 
+4.1 
+4.4 
+ a 5  

+2 7 

-6. a 

+o. 6 

Table 3 gives the ressure in inches of mercury and 
pounds per square foot, (the latter computed from 
equation (2), and then converted into inches of mercuy); 
the tem erature in degrees F, computed from equation 

density. 
Comparison with Table 2 shows a maximum difEerence 

in ressures of 0.6 per cent at a height of 22,000 feet, and 

26,000 and 27,000 feet. The temperatures are too low 
up to 20,000 feet, with a maximum difference of 3.4' 
at 9,000 and 10,000 feet, and are too high between about 
20,000 and 38,000 feet. Above this latter elevation 
equation (3) does not apply. 

A slight change in y, and a resulting change in c, will 
adapt equations (2) and (3) to any desired vertical tem- 
perature gradient. Thus, y = 1.19 corresponds very 
closely to a gradient of 3°F. per 1,000 feet; and y-1.21, 
very closely to a gradient of 1°F. per 300 feet. 

. 

(3); an x the resulting density, in percentages of surface 

a a ifference of 0.9 per cent in the densities at altitudes of 
. 

. 
. 


